Aiming to identify genomic variants associated with osteoporosis, we performed a genome-wide association meta-analysis of bone mineral density (BMD) at Ward's triangle of the hip in 7,175 subjects from 6 samples. We performed in silico replications with femoral neck, trochanter, and inter-trochanter BMDs in 6,912 subjects from the Framingham heart study (FHS), and with forearm, femoral neck and lumbar spine BMDs in 32,965 subjects from the GEFOS summary results. Combining the evidence from all samples, we identified 2 novel loci for areal BMD: 1q43 (rs1414660, discovery p=1.20×10 −8 , FHS p=0.05 for trochanter BMD; rs9287237, discovery p=3.55×10 −7 , FHS p=9.20×10 −3 for trochanter BMD, GEFOS p=0.02 for forearm BMD, nearest gene FMN2) and 2q32.2 (rs56346965, discovery p=7.48×10 −7 , FHS p=0.10 for inter-trochanter BMD, GEFOS p=0.02 for spine BMD, nearest gene NAB1). The two lead SNPs rs1414660 and rs56346965 are eQTL sites for the genes GREM2 and NAB1 respectively. Functional annotation of GREM2 and NAB1 illustrated their involvement in BMP signaling pathway and in bone development. We also replicated three previously reported loci: 5q14.3 (rs10037512, discovery p=3.09×10 −6 , FHS p=8.50×10 −3 , GEFOS p=1.23×10 −24 for femoral neck BMD, nearest gene MEF2C), 6q25.1 (rs3020340, discovery p=1.64×10 −6 , GEFOS p=1.69×10 −3 for SPN-BMD, nearest gene ESR1) and 7q21.3 (rs13310130, discovery p=8.79×10 −7 , GEFOS p=2.61×10 −7 for spine BMD, nearest gene SHFM1). Our findings provide additional insights that further enhance our understanding of bone development, osteoporosis, and fracture pathogenesis.
Introduction
Osteoporosis, the most common metabolic skeletal disorder, is characterized by low bone mass and micro-architectural deterioration of bone tissue. People with osteoporosis are predisposed to fragility fracture. Thus osteoporosis which affects over 200 million people worldwide [1] , confers substantial morbidity and mortality on the human population [2] .
Osteoporosis is diagnosed by low bone mineral density (BMD), which is also the standard predictor of osteoporotic fracture. Though influenced by environmental factors, BMD is a highly heritable trait with heritability ranging from 0.5 to 0.8 [3] . A number of genome-wide association studies (GWASs) and their meta-analyses have been conducted for BMD, and dozens of genomic loci have been identified [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . However, the cumulative effects of these identified loci account for only approximately 6% of total BMD variation [11] . Thus, the majority of genetic factors influencing BMD are still awaiting identification.
Fragility fractures occur relatively frequently at the hip and lumbar spine. The standard approach for measuring BMD at these high risk sites utilizes dual-energy X-ray absorptiometry (DXA). Typical DXA scans of the hip measure BMDs at multiple subregions, including the femoral neck, trochanter, inter-trochanter, and Ward's triangle. Among these, the femoral neck is the most studied sub-region because of its dominant clinical relevance. For gene-mapping purposes, however, sub-regions other than the femoral neck may also provide valuable information. These sub-regions are more homogeneous than total hip, and may thus provide new insights into the identification of responsible genes for BMD. Importantly, BMDs at these sub-regions are correlated, but not perfectly, to that at the femoral neck.
Ward's triangle is a radiolucent area between principle compressive, secondary compressive and primary tensile trabeculae in the femoral neck. Within the femoral head, it is usually the area with the lowest BMD. Consequently, BMD measured at Ward's triangle may have important implications for osteoporosis. For example, Yoshihashi et al. [15] reported that BMD at Ward's triangle is a sensitive indicator of osteoporosis, particularly in men. Importantly, however, studies to identify genetic loci associated with osteoporosis have rarely studied BMD at Ward's triangle.
In the present study, aimed to identify additional BMD loci, we utilized samples from diverse ancestries to perform a large-scale trans-ethnic genome-wide association metaanalysis for BMD at Ward's triangle. We also replicated the discovery findings in the Framingham heart study (FHS) and in the large GEFOS summary results.
Materials and Methods

Discovery samples
The discovery stage was a trans-ethnic GWAS meta-analysis of multiple diverse ancestral samples. We collected 6 GWAS samples for meta-analysis of Ward's triangle (WT-) BMD. Three samples were from the in-house studies and the other 3 were accessed through the database of genotype and phenotype (dbGAP). All samples were approved by the respective institutional ethics review boards, and all participants provided written informed consent. Details of the samples were described previously [13] . Briefly, the first sample comprised 1,000 unrelated subjects of European ancestry from the Omaha osteoporosis study (OOS). The second sample comprised 2,286 unrelated subjects of European ancestry from the Kansas City osteoporosis study (KCOS). The third sample comprised 1,627 unrelated subjects of Chinese Han ancestry from the China osteoporosis study (COS). The fourth sample was the Indiana fragility study (IFS) that was accessed through the dbGAP. The IFS is a cross-sectional cohort comprising 1,493 premenopausal sister pairs of European ancestry. Both the fifth and sixth samples were from the Women's health initiative (WHI) observational study that was accessed through the dbGAP too. The WHI is a partial factorial randomized and longitudinal cohort with >12,000 genotyped women aged 50-79 years, of African-American or Hispanic ancestry [16] . The fifth sample comprised 845 subjects of African-American ancestry (WHI-AA), and the sixth sample comprised 446 subjects of Hispanic ancestry (WHI-HIS).
Replication FHS sample
We included the Framingham heart study (FHS) as a replication sample, and accessed it through the dbGAP. FHS is a longitudinal and prospective cohort comprising >16,000 individuals spanning three generations of European ancestry [17] .
The FHS datasets accessed through the dbGAP did not include WT-BMD, but instead included BMDs at three other hip sub-regions, including femoral neck, trochanter, and intertrochanter. Because of the strong correlations between BMDs at WT and the other subregions, these three sub-regions were acceptable as replication phenotypes. We identified a total of 6,912 genotyped and phenotyped FHS participants for analysis.
Phenotype measurements and modeling
In the discovery samples, WT-BMD was measured by hip scan with DXA bone densitometer (Lunar Corp., Madison, WI, USA or Hologic Inc., Bedford, MA, USA), following the manufacturer's protocols. Covariates (including gender, age, age 2 , height and the first five principal components derived from genome-wide genotype data) were screened for significance with the step-wise linear regression model implemented in the R function stepAIC. Raw BMD values were adjusted by significant covariates, and the residuals were normalized by inverse quantiles of standard normal distribution.
In the replication FHS sample, the original generation participants underwent bone densitometry scan by DXA during their 22 nd or 24 th examinations. The offspring participants underwent DXA scan during their 6 th or 7 th examinations. The third generation participants underwent scan during their 2 nd examination. Raw BMD values were modeled in the same way as that in the discovery samples.
Genotyping and quality control
All GWAS samples were genotyped by high-throughput SNP genotyping arrays (Affymetrix Inc., Santa Clara, CA, USA; or Illumina Inc., San Diego, CA, USA within individual samples), following the manufacturer's protocols. Quality control (QC) within each sample was implemented at both the individual and SNP levels. At the individual level, sex compatibility was checked by imputing sex from X-chromosome genotype data with PLINK [18] . Individuals of ambiguous imputed sex or of imputed sex inconsistent with reported sex were removed. At the SNP level, SNPs violating the Hardy-Weinberg equilibrium (HWE) rule (p-value<1.0×10 −5 ) were removed. Population outliers were monitored by genotypederived principal components, and outliers were removed if present.
In the FHS replication sample, which was a familial sample, genotypes presenting the Mendel error were set to missing.
Genotype imputation
GWAS samples were imputed by the 1000 genomes project phase 3 sequence variants (as of May, 2013) [19] . Haplotypes representing 240 individuals of European ancestry, 244 of East Asian ancestry, 319 of African ancestry, and 170 of admixed American ancestry were downloaded from the project download site. Haplotypes of bi-allelic variants, including SNPs and bi-allelic insertions/deletions (indels), were extracted to form reference panels for imputation. As a QC procedure, variants with zero or one copy of minor alleles were removed.
Each GWAS sample was imputed by the respective reference panel with the closest ancestry. Prior to imputation, a consistency test of allele frequency between the GWAS and reference samples was examined with the chi-square test. To correct for potential mis-strandedness, GWAS SNPs that failed the consistency test (p<1.0×10 −6 ) were transformed into the reverse strand. SNPs that again failed the consistency test were removed from the GWAS sample. Imputation was performed with FISH [20] , a fast and accurate diploid genotype imputation algorithm that we previously developed.
Individual study association testing
Each GWAS sample was tested for association between normalized phenotype residuals and genotyped and imputed genotypes under an additive mode of inheritance. For unrelated samples, association was examined by the linear regression model with MACH2QTL [21] , in which allele dosage was taken as the predictor for the phenotype. For familial samples, a mixed linear model was used to account for genetic relatedness within each pedigree [22] .
Meta-analysis
Summary association statistics from individual GWAS samples were combined to perform weighted fixed-effects meta-analysis with METAL [23] . As a QC procedure, only common (MAF>=0.05) and well-imputed (r 2 >=0.3 in at least two samples) SNPs were included for analysis. Weights were proportional to the inverse variance of regression coefficients. Between-study heterogeneity effects were measured by I 2 and Cochran's Q statistic [24] .
Genomic control inflation factor [25] was estimated in each individual study and in metaanalysis of multiple studies.
Replication in the FHS sample
In the FHS replication sample, we first checked if effect direction was consistent with that in the discovery samples. Conditioning on consistent direction, we then reported replication association p-values.
Replication in the GEFOS summary results
The GEFOS consortium recently performed a large scale sequencing-based discovery GWAS of BMD in up to 32,965 participants, and made the summary results publicly available [12] . The released results represented the largest and most powerful analysis to date in the field. The GEFOS results did not include WT-BMD, but instead included BMDs at the forearm, femoral neck and lumbar spine. We examined these alternative sites for association signals of selected SNPs.
Functional annotation
We annotated functional relevance of identified SNPs with HaploReg [26] . HaploReg explores annotations of non-coding genomic variants from multiple functional categories. The information that it uses is from a variety of large experiment projects, such as the Roadmap Epigenomic project [27] , the ENCODE project [28] , and the GTEx eQTL datasets [29] . The categories include conservation sites, DNase hypersensitivity sites (DHS), transcription factor binding sites (TFBS), promoter sites, enhancer sites, and others. We annotated lead SNPs and their neighbor SNPs with strong LD (r 2 >0.8).
For candidate genes, we annotated them by constructing gene interaction networks with STRING [30] . STRING uses information based on gene co-expression, text-mining, and others, to construct gene interactive networks.
RESULTS
GWAS meta-analyses
A total of 7,175 subjects from 6 GWAS samples were included in the meta-analysis. Basic characteristics of the samples are listed in Table 1 . Seventy-eight per cent of the participants are women. Principal component analysis (PCA) was applied to each individual sample [31] , and no population outliers were observed.
The 1000 genomes sequencing project generated over 10 million qualified SNPs (Supplementary Table 1 ). After adjusting phenotypes by PCA in each individual study, the genomic control inflation factor of the meta-analysis was 1.03, implying limited effect of potential population stratification. A logarithmic quantile-quantile plot of the meta-analysis test statistics showed a marked deviation in the tail of the distribution, implying the possible existence of true associations (Figure 1 ).
Manhattan plot of the GWAS meta-analyses is displayed in Figure 2 . At the genome-wide significance (GWS, 5.0×10 −8 ) level, one locus 1q43 was identified, with the lead SNP being rs1414660 (p=1.20×10 −8 , I 2 =38.6%). At a less stringent borderline significance level 5.0×10 −6 , 16 additional loci were identified (Supplementary Table 2 ). Four (5q14.3, 6q25.1, 7q21.3 and 16q23) of them have been reported by previous GWAS studies of areal BMD.
Replication in the FHS
The lead SNP from each of the above 17 loci was subjected to replication in the FHS sample and in the GEFOS summary results. The FHS sample did not include WT-BMD, but included BMDs at the other three hip sub-regions: femoral neck (FNK), trochanter (TRO) and inter-trochanter (INT). Correlation coefficients between BMDs at WT and the other hip sub-regions are listed in Table 2 . There was a strong correlation between BMD's at WT and the other hip sub-regions, validating the use of these other hip sub-regions in our replication effort.
First, we determined whether the effect directions were consistent between the discovery and the FHS samples. For 9 of the 17 SNPs, the effect directions were consistent in all three subregions and in the discovery samples. For 5 SNPs, the effect directions were consistent in all three sub-regions, but the directions were opposite to those of the discovery samples. For the remaining 3 SNPs, the effect directions were inconsistent across the three replication subregions ( Supplementary Table 3 ).
Next, we checked association signals for the 9 SNPs with consistent directional effects. Three SNPs (rs10037512, rs3020340 and rs13310130) locate in 3 loci (5q14.3, 6q25.1 and 7q21.3) that were reported previously. Among them, only rs10037512 was successfully replicated (p=8.50×10 −3 for FNK-BMD). The remaining 6 SNPs (rs1414660, rs56346965, rs3091309, rs79702404, rs8181385 and rs1011728) locate in 6 novel loci for areal BMD. Among them, rs1414660 and rs79702404 were significant for TRO-BMD (p=0.05 and 0.03, respectively). Considering the one-sided nature of the replication test, rs56346965 was
Replication in the GEFOS summary results
We further replicated the above 17 SNPs in the larger GEFOS summary results. Two of the lead SNPs, rs1414660 in 1q43 and rs111756027 in 16q23, were not available in the GEFOS summary results. For this analysis, therefore, they were replaced by rs9287237 (discovery p=3.55×10 −7 ) and rs74486092 (discovery p=3.87×10 −6 ).
The GEFOS results did not have WT-BMD, but had BMDs at the forearm (FA), femoral neck (FNK) and spine (SPN). Correlation coefficients between BMDs at the WT and these sites are listed in Table 2 .
For 11 of the 17 SNPs, including the 3 SNPs (rs10037512, rs3020340 and rs13310130) locating in 3 loci (5q14.3, 6q25.1 and 7q21.3) that had been reported previously, the effect directions were consistent in all three skeletal sites and in the discovery samples. For 5 of the 17 SNPs, the effect directions were consistent in all three sub-regions, but were opposite to those in the discovery samples. The directional effects for the final SNP were inconsistent across the three replication sub-regions (Supplementary Table 4 ).
All of the 3 previously reported SNPs were successfully replicated. Specifically, rs10037512 was significant for FA-BMD (p=7.49×10 −8 ) and FNK-BMD (p=1.23×10 −24 ); rs3020340 was significant for FNK-BMD (p=0.02) and SPN-BMD (p=1.69×10 −3 ), and rs13310130 was significant at all three sites (FA-BMD p=0.02, FNK-BMD p=3.03×10 −7 and SPN-BMD p=2.61×10 −7 ).
The remaining 8 SNPs with consistent directional effects were not previously reported. Four of them were successfully replicated. Specifically, rs9287237 was significant at all three sites (FA-BMD p=0.02, FNK-BMD p=1.47×10 −4 , and SPN-BMD p=1.95×10 −3 ); rs56346965 was significant for SPN-BMD (p=0.02); rs3091309 was significant for FNK-BMD (p=0.03) and SPN-BMD (p=8.43×10 −3 ); and rs79702404 was significant for FNK-BMD (p=0.04). One additional SNP, rs8181385, was weakly associated with FA-BMD (twosided p=0.06, one sided p=0.03).
For FA-BMD (N=8,143), none of the GEFOS samples overlapped with both the discovery samples and the FHS replication sample. Consequently, FA-BMD could serve as a totally independent replication. For FNK-and SPN-BMD, however, the FHS was included in the GEFOS study. To make the GEFOS results as independent as possible, we performed an alternative analysis to derive an association signal in the non-overlapping GEFOS samples based on the GEFOS total sample signal and the overlapping FHS sample signal. Details of the derivation rationale have been previously described [13] . The results of this alternative analysis are listed in Supplementary Table 4 . Of the above 4 SNPs, rs79702404 became nonsignificant in the non-overlapping GEFOS samples.
Combining the results of the discovery samples, the FHS sample and the GEFOS summary results, 6 SNPs (rs1414660, rs9287237, rs56346965, rs10037512, rs3020340 and rs13310130) had strong evidence of association with BMD variation. They were significant at the GWS level, or the suggestive level, in the discovery samples. Additionally, they were nominally replicated for at least one of the sites (FNK-, INT-and TRO-BMDs) in the FHS sample, and for at least one of the sites (FA-, FNK-and SPN-BMDs) in the non-overlapping GEFOS results.
Three of these 6 SNPs locate in 3 distinct genomic regions that have been reported previously: 5q14.3 (rs10037512, nearest gene MEF2C), 6q25.1 (rs3020340, ESR1) and 7q21.3 (rs12704871, SHFM1). The remaining 3 SNPs locate into 2 regions that were novel for areal BMD: 1q43 (rs1414660 and rs9287237, FMN2) and 2q32.2 (rs56346965, NAB1).
The main results of this study are summarized in Table 3 .
Functional annotation
We annotated the 3 novel SNPs (rs1414660, rs9287237 and rs56346965) and their neighboring SNPs (LD r 2 >0.8) in loci 1q43 and 2q32.2. rs1414660 and rs9287237 are in strong LD (r 2 =0.83) with each other, and with 4 additional neighboring SNPs (r 2 >0.8, rs953247, rs12044944, rs9659023, and rs9661787). Of these 6 neighboring SNPs, rs1414660 is the only one that has enhancer activity in osteoblast primary cells [27] . It is also the only SNP that is conservative as predicted by both GERP [32] and Siphy [33] . All the 6 SNPs are eQTL sites to the target gene GREM2 in tibial artery and cultured primary fibroblast cell line from fresh skin, while the signals for the lead SNP rs1414660 are the most significant in both tissues (p=5.50×10 −9 and 2.04×10 −14 ) [29] . rs56346965 has 7 neighboring SNPs (rs2293765, rs1978273, rs2159819, rs11900804, rs2192008, rs4853727 and rs4853516) with strong LD patterns (r 2 >0.8). They all locate in a 33 kb genomic region, and all have enhancer activities as predicted by enhancer histone marks H3K4me1 and H3K27ac [27] . rs2293765 and rs2192008 also have promoter activities as predicted by promoter histone mark H3K4me3. These activities are observed in multiple tissues, including primary osteoblast cells. All SNPs are eQTL sites to multiple genes including NAB1, HIBCH, and TMEM194B [29, 34] , which locate into the same locus (2q32.2) and are separated by a maximum of 488 kb. A search of GRASP [35] through HaploReg demonstrated that rs4853516 is associated with levels of NAB1 exon expression in peripheral blood mononuclear cells (p=3.18×10 −11 ), precursors of osteoclast cells, which are responsible for bone resorption [36] .
New loci/genes associated with areal WT-BMD
1q43 (GREM2). rs1414660 in 1q43 is a common (MAF=0.29) and imputed SNP with high imputation certainty (r 2 =0.50-0.99). Allele C at this SNP tended to decrease WT-BMD by 0.12 s.d. per copy. A regional plot of rs1414660 is displayed in Figure 3 . It locates into an intron of the FMN2 gene, but is an eQTL site to the GREM2 gene. rs1414660 is 66.2 kb upstream from GREM2. Gene-gene interaction network analysis of GREM2 connected it to two bone morphogenetic protein (BMP) family members, BMP2 and BMP4 (Figure 4 ). GREM2 encodes a member of the BMP antagonist family. The antagonistic effect of the secreted glycosylated protein encoded by this gene is likely due to its direct binding to BMP proteins [37] . As an antagonist of BMP, this gene may play a role in regulating organogenesis, body patterning, and tissue differentiation.
2q32.2 (NAB1). The common SNP rs56346965 (MAF=0.38) in 2q32.2 was imputed with very high imputation certainty (r 2 =0.99-1.00). Allele C at this SNP tended to increase BMD value by 0.09 s.d. per copy. It locates into an intron of the NAB1 gene, and is an eQTL site to the NAB1 gene. NAB1 acts as a transcriptional repressor for zinc finger transcription factors EGR1 and EGR2 [38] . EGR2 impacts osteoclast survival by negatively modulating osteoclast differentiation [39] . Gene-gene interaction networks connect NAB1 to EGR1, EGR2 and EGR4 (Figure 4 ), and to BMP2 and BMP4, implying that it may play an important role in bone development.
Previously reported genes associated with WT-BMD
We have replicated 3 loci that were reported previously for areal BMD: 5q14.3, 6q25.1 and 7q21.3. The lead SNP rs10037512 in 5q14.3 is 154.8 kb upstream from the MEF2C gene, which was reported by multiple previous GWAS studies [6, 11, 40] . MEF2C is a member of the evolutionarily conserved MADS family of transcription factors, and plays a role in myogenesis. Its activity is modulated by multiple signaling pathways, such as the MAP kinase signaling and calcium signaling pathways [41] . Mice with mutant MEF2C genes in osteocytes had increased bone mass compared to normal controls, implying that the MEF2C may function to control bone mass by regulating osteoclastic bone resorption [42] .
The lead SNP, rs3020340 in 6q25.1, locates into an intron of the ESR1 (estrogen receptor 1) gene, which is a well-recognized candidate gene for BMD. As a receptor of estrogen, ESR1 is important for bone metabolism via a variety of mechanisms in osteoblasts, osteocytes and osteoclasts [43] .
The lead SNP rs13310130 in 7q21.3 is 6.9 kb upstream from the SHFM1 (split hand/split foot malformation, type 1) gene. Though reported by multiple studies [6, 11, 13] , its role in bone metabolism is largely unknown.
DISCUSSION
In this study, we performed a genome-wide association meta-analysis of Wards' triangle BMD in 7,175 participants from 6 GWAS samples. We performed replication studies in the Framingham heart study, and in the largest GEFOS summary results. Combining the evidence of all these samples, we identified two novel loci 1q43 and 2q32.2 for areal BMD, and replicated three previously reported loci, 5q14.3, 6q25.1 and 7q21.3.
Ward's triangle is an anatomic region in the neck of the femur that is formed by the intersection of three trabecular bundles. In densitometry, Ward's triangle is a calculated region of low density in the femoral neck rather than a specific anatomic region. Ward's triangle BMD is a sensitive indicator of osteoporosis. For example, osteoporosis based on World Health Organization criteria (T-score less than −2.5) could be defined by Ward's triangle BMD in 53% of the study subjects [15] . In contrast, it was defined by femoral neck and by lumbar spine BMD in only 22% and 2% of study subjects, respectively.
Though BMD variation is predominantly determined by inheritance, the identified heritability has been relatively small. To enhance gene mapping efficacy, previous studies mainly focused on increasing sample size and expanding the type of tested genomic variants. In the current study, we explored a third option i.e., we expanded the list of tested skeletal sites. Although BMD at these sites are correlated to each other, there are differences. Consequently BMD at each of these sites can be informative for studying the genetic basis of BMD. In previous studies, BMD at the femoral neck and lumbar spine were studied most frequently, while BMD at other skeletal sites were rarely studied.
We replicated the associations of Ward's triangle BMD by analyzing BMD at several relevant related skeletal sites, including the femoral neck, trochanter, inter-trochanter, forearm and spine. Strictly speaking, such replication is indeed cross-validation; its validity is determined by the strength of phenotypic correlation between the primary trait and the replication trait. This replication strategy has been adopted in the identification of common variants for related traits, such as different subtypes of brain tumors [44] . It is important to recognize that, though replication by a related trait may be helpful, weaknesses also exist. First, genetic heterogeneity may occur for the two traits being studied. Second, nonreplicability may occur when the genetic effect is specific to the primary trait but not to the replication trait.
The discovery stage of the present study was a trans-ethnic GWAS of samples from diverse ancestral populations. The purpose of including trans-ethnic samples is to maximize sample size and statistical power of association testing, under the hypothesis that phenotypic traits in different ethnic populations may have a common genetic basis. In contrast, the entirety of both replication samples represented populations of European ancestry only. Mismatched ancestry between the discovery and replication samples may have contributed to nonreplicability for those non-replicated variants, because the discovery association signals might have been driven by the non-European samples. To check this possibility, we analyzed the discovery European samples separately. The results listed in Supplementary Table 5 showed that European samples dominated the overall association signals in the discovery samples. Therefore, the non-replicability was probably attributable to true negative associations, or insufficient replication sample size, rather than to mismatched ancestry between discovery and replication samples.
GREM2 which is expressed in osteoblasts during skeletogenesis [45] , was originally identified in embryonic stem cells by gene trapping [46] . The GREM2 gene product contains a domain that is rich in cysteine residues, that is common in regulators of BMP activity, known as acysteine knot domain [47] . Its ability to bind to, and block the activities of, BMP family members has been demonstrated in both in vivo and in vitro studies [48, 49] . Its expression is, in turn, regulated by BMP2 during osteoblast differentiation [50] . Gene ontology (GO) annotations related to this gene include cytokine activity.
NAB1 was originally isolated in yeasts by interactive cloning [38] . It represses the transcriptional activity of EGR1 through a direct interaction, which is essential for transcriptional regulation of BMPR2 [51] . BMPR2, together with other BMP receptors, is involved in the BMP signaling pathway.
In conclusion, by performing a genome-wide association study of Ward's triangle BMD, we have identified 1q43 and 2q32.2 for areal BMD, and have replicated three previously reported loci. Our findings provide useful insights that further enhance our understanding of bone development, osteoporosis, and fracture pathogenesis.
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2.61×10 −7
Notes: Alleles were presented as effect allele (EA)/other allele (OA). GEFOS-NO, the GEFOS non-overlapping samples. The GEFOS-NO association signals were derived via the GEFOS and the overlapping FHS association signals.
